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addition, daily energy expenditure was measured during the refueling period. The compilation of the energy balance during the refueling period revealed an energy density of the deposited tissue of 33.6 kJ g-1. Assuming that the deposited tissue consists of fat and protein exclusively, with energy densities of 39.6 and 5.5 kJ g-1 wet mass, respectively, we estimated the deposited tissue to consist of 82% fat and 18% wet protein (6% dry protein and 12% water). Nitrogen balances during control, starvation, and refueling phases and during a period of prolonged and complete starvation indicated that 5% of the nutrient stores consisted of dry protein. Our results support recent findings that nutrient stores for migration often contain protein in addition to fat and consequently are 15%-25% less energy rich than pure fat stores. These proteins might be stored as muscle or other functional tissue and may be required to support the extra mass of the stores and/or reflect an incapacity of the metabolic machinery to catabolize fat exclusively. Fuel deposition rate was positively related with ambient temperature, whereas food intake rate was unaffected by temperature.
These results indicate that the rate of fuel deposition is limited by a ceiling in food intake rate; when this ceiling is reached, fuel deposition rate is negatively affected by daily energy expenditure rate. To a certain extent, the ceiling in food intake rate varies depending on feeding conditions over the previous days.
These variations in food intake capacity probably reflect the building and breakdown of gut tissues and/or gut enzyme systems and might be insensible and not evolutionary adaptive.
Significant energetic costs, however, are probably associated with the maintenance of gut tissues. It is therefore feasible that changes in digestive capacity are regulated and are directed at energy economization.
Introduction
Because of physiological constraints, animals cannot increase their energy intake rate above a certain maximum (Kirkwood 1983; Diamond et al. 1986; Lindstr6m and Kvist 1995) . Accordingly, fuel deposition rate is also limited (Zwarts and Dirksen 1990; Lindstrom 1991) . A maximum fuel deposition rate can be caused either by limitations in the rate of absorption or by the rate of anabolism of body stores. If digestive capacity limits fuel deposition rate, all energetic expenses will have a negative influence on the fuel deposition rate attained under ad lib.
food conditions. If anabolic processes are limiting, the rate of energy expenditure should not impact the rate of fuel deposition. In the former case, a fuel-depositing animal intending to maximize fuel deposition rate, such as a migratory bird (Alerstam and Lindstr6m 1990), should reduce its rate of energy expenditure as much as possible when food availability is high, whereas in the latter case it should not.
Body stores of migratory birds were thought to consist almost entirely of fat (Connell et al. 1960; Odum et al. 1964 Odum et al. , 1965 . Recently, evidence has accumulated that the synthesis of protein is involved during fuel deposition (e.g., McLandress and Raveling 1981; Klaassen et al. 1990; Lindstr6m and Piersma 1993; Klaassen and Biebach 1994) . One experiment with thrush nightingales, Luscinia luscinia, yielded an energy density estimate of the body stores of 33 kJ g-', indicating a fat content of 80% and protein and water contents of 6% and 14%, respectively (Klaassen and Biebach 1994 ). An alternative way to detect protein deposition would be to study the nitrogen balance of fueling birds, but such data are lacking.
We conducted two experiments in which we investigated the rate of fuel deposition and the composition of nutrient we have recorded body masses 150% in excess of the summer masses during the autumn migratory period. Our experiments support the notion that a portion of the storage in migratory birds is protein. In addition, we provide evidence that food intake capacity limits fuel deposition rate; during periods of hyperphagia, induced variations in the rate of energy expenditure had a negative effect on body mass gain, while food intake rate remained unaffected.
Material and Methods

Experimental Designs
In experiment 1 we offered food ad lib. at three different temperature conditions to thrush nightingales that had previously received a submaintenance amount of food. The effect of these different temperature conditions on the energy expenditure rate, food intake rate, and body mass was observed. If food intake capacity limits fat deposition rate, we expected these temperature-induced changes in the rate of energy expenditure to have a negative effect on the rate of fuel deposition. Six thrush nightingales went through three successive experimental runs, each consisting of a control (3-4 d), a starvation (2 d), and a refueling (3 d) phase (Fig. 1 ). Control and starvation phases were always conducted at 220C and refueling at -7', 70, or 220C (standard deviation [SD] < 10C). For each individual, these three temperatures were implemented randomly over the three successive refueling periods. During control and refueling phases, birds were provided food (mealworms) ad lib.; during the starvation phase they received only 1.5 g of mealworms daily. During the whole experiment, food intake rate, feces production rate, body mass, and activity were monitored over daily intervals. In addition, daily energy expenditure rate (DEE) was measured during the refueling phase.
The difference between energy intake and energy expenditure measured during the refueling phase in experiment 1 is the energy deposited in, or extracted from, body stores. It is assumed that a bird does not replace one type of tissue for another but only adds or removes tissues. Accordingly, estimated energy density of body stores yields information on their composition; protein has a much lower energy density than Birds were weighed every morning at 0800, marking the end of an experimental day and the start of the next. Proportions of time spent active, food intake rate, feces production rate, and mass change were measured on a daily basis. Prior to experiments, birds were accommodated to the experimental circumstances for at least 4 d.
Food Intake and Feces Production
Daily food intake rate (g d-1) was calculated by weighing the food tray at the beginning and end of the experimental day. After each experimental day, droppings were collected and dried at 700C to constant mass to obtain the feces production rate (g d-1).
The energy densities of six food intake samples and 48 randomly selected feces samples were measured in an IKA C7000 bomb calorimeter after being oven dried at 70'C to constant mass. Gross energy intake rate was obtained by multiplying daily food intake rate by the wet mass energy content of the food, which was estimated to be 11.97 kJ g-' (SD = 0.22). Assimilation efficiency was obtained by dividing the metabolizable energy intake rate (ME, kJ d-'; gross energy intake rate minus the energy equivalent of daily excreta production) by the gross energy intake rate. All feces gathered over an uninterrupted 5-d period in experiment 1 (covering the last day of the control phase, the 2 starvation days, and the first 2 d of the 220C refueling phase) and all feces gathered in experiment 2 were analyzed for nitrogen content by Kjeldahl's method. The nitrogen content of mealworms was estimated to be 32.1 mg N g-' fresh weight (SD = 2.6, n = 6). Nitrogen content was transformed to protein content with a conversion factor of 6.25.
Energy Expenditure
In experiment 1, the experimental cage was transformed into a metabolic chamber by covering it with a 15-L plastic box. with the individual as a factor in the analysis). In the case of two-way ANOVAs, this procedure yields results identical to those of a repeated-measures ANOVA (Sokal and Rohlf 1995) .
However, the results of ANOVAs involving additional factors and covariates should be considered with more reservation, as the assumption of independence of data points is violated.
Therefore, we used a significance level of 5% in the repeatedmeasures and two-way ANOVAs in which all assumptions were met and a 1% significance level in all other cases. It should be noted that parameter estimates (e.g., means and regression clearly lower at 22'C than at 70 or -70C (Fig. 2) . Food intake rate was unaffected by temperature but clearly increased over the period of refueling. The stable food intake rate and decreasing DEE with temperature resulted in a positive relation between mass gain and temperature (Fig. 2) . These findings support the hypothesis that food intake capacity limits fuel deposition rate. The only way to increase fuel deposition rate when food is available ad lib. is by decreasing DEE (Fig. 3) .
Feces production rate showed a perfectly linear relation with food intake rate, which explains 97.6% of the variation (Fig.   4 ). This relation does not go through the origin but has a positive intercept. This is expected and is explained by endogenous urinary and metabolic fecal losses when the food intake rate is below maintenance levels. Also, significant effects of temperature condition and phase on feces production rate were discerned, as was a clear memory effect of the food intake rate of the 2 preceding days (see Fig. 4 ). However, at most, only 6% of the already small residual variation after accounting for daily food intake rate was explained. Energy density of the feces increased with gross energy intake rate (energy density [kJ g-1 dry weight] = 13.56 + 0.93 gross energy intake rate [kJ d-']; r2 = 0.449, P < 0.001, n = 48), probably as a result of a decreasing proportion of uric acid in the feces with increasing food intake rate. Despite these significant effects of various factors on digestibility parameters, the assimilation efficiency of mealworms was found to be remarkably constant at 83.7%; gross energy intake rate explains 99.98% of the variation in ME (Fig. 5) . It is therefore justified to calculate ME from gross energy intake rate with this average assimilation efficiency under all experimental circumstances.
Composition of Body Stores
In experiment 2, body mass ranged from 31.7 to 42.4 g (mean = 37.4 g) at the start and from 23.9 to 29.3 g (mean = 26.7) at the end of the 3-6-d starvation period. Protein loss as calculated from nitrogen balance was high at first, reaching a stable level of 60 mg d-1 after 3-4 d of starvation (Fig. 6A ).
However, protein content of the catabolized tissue was rather constant (with one outlier), which indicates no specific protein sparing during the course of the fast (Fig. 6B) We present nitrogen balance and energy balance data that suggest a 5%-6% dry protein content of the body stores (Table   1 ). However, the variation in the data points in Figure 8B , from which the estimate of 6% protein is derived, is large. This B, dry protein is in line with the large variation found in protein balance during mass increase (Fig. 8A) . Less variation may be expected when birds are starved. Klaassen and Biebach (1994) measured DEE in starving thrush nightingales (data are presented in Fig.   8C ). As expected, variation in these data points is much smaller.
The energy density of the stored tissue in these starving thrush nightingales was estimated to be 29.7 kJ g-1. Body store composition in these birds was 71% fat, 9% dry protein, and 20% water (Table 1) .
At the early stages of storage deposition, the nitrogen balance study indicates a more variable proportion of protein stored, with a tendency to be higher than the proportion of protein in catabolized stores during starvation. This resembles findings in rats Rattus norvegicus in which fat and protein are lost at a constant ratio during starvation, yet when refed, the protein losses are replenished sooner than the fat losses (Cherel and Le Maho 1991) . During the vernal migratory period, early fuel deposits contain more protein compared with later deposits in Body stores of migratory birds were earlier thought to consist almost entirely of fat (Connell et al. 1960; Odum et al. 1964 Odum et al. , 1965 , but evidence is accumulating that stores of protein are often present. Studies on the composition of body stores for migration using carcass analyses may provide insight into the nature of these tissues. After having noted that many of these studies were flawed because of methodological inconsistencies, Lindstrim and Piersma (1993) reevaluated available data and found strong indications that birds generally, but not always, deposit protein before takeoff. Our energy and protein balance studies on thrush nightingales, yielding a fat content of 71%-82% (Table 1) , do not suffer from the methodological problems outlined by Lindstr6m and Piersma (1993) for carcass analysis data. Using the energy balance method, Klaassen and Biebach (1994) estimated that the nutrient stores of the garden warbler Sylvia borin contain 73% fat in autumn. With a comparable method, Klaassen et al. (1990) showed that the body stores of knots contain 81% fat (recalculated from original data with reduced major axis analysis) in an advanced state of premigratory body mass gain. Recalculating data for the bartailed godwit Limosa lapponica (Piersma and Jukema 1990) , Lindstrom and Piersma (1993) estimated that migratory mass increases consist of 35% nonfat components (probably wet protein). More support for the idea that body stores contain protein comes from nitrogen balance studies conducted during prolonged fasting in fat animals. These studies revealed that 4%-10% of total energy expenditure during starvation originates from protein catabolism (Lindgard et al. [1992] and studies cited therein), which means that the fat content of catabolized body stores ranges from 62% to 81%. Although these protein balance studies were all conducted on nonmigratory species, the results fall in the same range as those we found for the migratory thrush nightingale ( In several studies, researchers have been able to raise intake rates in birds by exposure to cold (Karaso our study the thrush nightingales feeding at -7' increase energy intake rates above thermoneutral l strongly indicates that birds at thermoneutrality alr at maximum rates (Lindstr6m and Kvist 1995) . We that the ceiling to fuel deposition rate is imposed by to digest food and not by the rate of transforming to stores.
Digestive bottlenecks may become ecologically important when birds are involved in extremely high energy expenditures, as in hummingbirds (e.g., Diamond et al. 1986) , high growth or fuel deposition rates (e.g., Diamond and Obst 1990 ; this study), or feeding on foods where a great deal of indigestible ballast is consumed with the metabolizable food (Kenward and Sibly 1977; Zwarts and Dirksen 1990) . Nevertheless, evidence
for digestive bottlenecks in birds under natural conditions remains rare, partly because food may rarely be available ad lib.
under natural conditions and partly because birds may be able to adjust their digestive capacity. For thrush nightingales in this study, food intake rate progressively increased during the course of the refueling period (Fig. 3) . Comparable limited changes in digestive capacity have been shown in various studies in relation to both food quantity (Ankney 1977; Diamond and Obst 1990; Dykstra and Karasov 1992; Hammond et al. 1994; Klaassen and Biebach 1994; Secor et al. 1994 ) and quality (e.g., Karasov and Diamond 1988; Levey and Karasov 1989) .
Submaximal digestive capacity can be either a regulated process, as shown in the rattlesnake Crotalus cerastes (Secor et al. 1994 ) or a result of insensible loss of capacity during periods of starvation. In the former case we would expect the capacity for digestion to incur a high maintenance cost in terms of energy or (scarce) nutrient turnover. In vitro, energy metabolism of tissues from the gut is indeed among the highest of all body tissues (Field et al. 1939; Davies 1961; Itazawa and Oikawa 1986 ). Moreover, low basal metabolic rates were associated with low digestive capacity in garden warblers (Klaassen and Biebach 1994) . Also, positive relations between plane of nutrition and basal metabolism have been found in mammals (Koong et al. 1983 ) and reptiles (Secor et al. 1994 ). The tendency for DEE to increase during refueling in the thrush nightingale (Fig. 2) 
